Despite the abundance of octapodal species and their evolutionary importance in originating terrestrial locomotion, the locomotion mechanics of spiders has received little attention so far. In this investigation we use inverse dynamics to study the locomotor performance of Grammostola mollicoma (18g). Through 3-D kinematic measurements, the trajectory of the eight limbs and cephalothorax or abdomen allowed us to estimate the motion of the body centre of mass (COM) at different speeds. Classic mechanics of locomotion and multivariate analysis of several variables such as stride length and frequency, duty factor, mechanical external work and energy recovery, helped to identify two main gaits, a slow (speed <11cms -1 ) one and a fast one characterised by distinctive 3-D trajectories of COM. The total mechanical work (external + internal) calculated in the present study and metabolic data from the literature allowed us to estimate the locomotion efficiency of this species, which was less than 4%. Gait pattern due to alternating limb support, which generates asymmetrical COM trajectories and a small but consistent energy transfer between potential and kinetic energies of COM, is discussed both in terms of coordination indices and by referring to the octopod as formed by two quadrupeds in series. Analogies and differences of the newly obtained parameters with the allometric data and predictions are also illustrated.
INTRODUCTION
Partially because of the anthropocentric attitude and the tendency towards a manageable simplification, it is intuitive to consider the locomotion of multi-legged species as the result of the combination of gaits of organisms with fewer legs. For example, quadrupedal trot can be regarded as the combination of a front and a rear biped running a half-cycle out of phase, and similar analogies can be made for many other gaits (e.g. gallop is the combination of two bipedal skipping strides). This seems a useful approach when we need to understand the mechanics of complex gaits by starting to analyse simpler ones (Minetti, 1998b) . To push this strategy to the limit, monopods have been theoretically analysed and successfully designed (Raibert, 1986) in the early stages of locomotion research. Another potential benefit of this approach is in motor control investigations, which could seek simpler central pattern generators (CPGs) and hypothesise a modular control of more complex locomotion forms.
But evolution moved the other way round: the first multi-legged terrestrial animals presumably had eight limbs, lately radiating both towards more complex locomotor organisms (myriapods) (Wilson and Anderson, 2004) and species of larger size and with a lower number of limbs. Six-legged insects appeared later on the terrestrial surface, then vertebrates, down to quadrupeds, bipeds and even to substantially 'monopodal' species such as jumping kangaroos (Carroll, 1987) .
Eight-legged locomotion was one of the first travelling modes on land, and an extinct group of terrestrial arachnids related to modern-day spiders, the trigonotarbids, are among the most ancient arthropod groups (Upper Silurian, approximately 444-428million years ago) (Jeram et al., 1990) . Spiders display the most versatile locomotor repertoire: they move at slow and fast speeds, forwards, backwards and sideways, and they climb and even jump, both on firm terrain and from the water surface. Even humans, despite the inherent bipedal instability, can walk (Minetti and Ardigò, 2001) and run (Cavagna et al., 2010) backwards, but the performance and the related cost of transport are quite penalised. Spiders can walk forwards and backwards at the same speed, just by reversing their diagonal footfall scheme. They turn on the spot like an armoured tank, with opposite direction of the two treads of limbs. When a spider loses one (or even two) of its legs, it is still capable of comfortably moving around, differently from bipeds and quadrupeds, through a duty factor compensation and a reprogramming of the CPG (Foelix, 1996) . Also, the high number of limbs ensures an increased locomotor versatility on uneven and rough terrains, particularly in the likely unawareness of eachterrain roughnesses (Klaassen et al., 2002) . Despite all of these reasons, scientific research on eight-legged locomotion is rather sparse and only a few papers (Herreid and Full, 1980; Schmitz, 2005a; Schmitz, 2005b; Sensenig and Schultz, 2006; Ward and Humphreys, 1981a; Wilson, 1967) have addressed spider gaits in detail.
We had the opportunity to capture and analyse the locomotion biomechanics of large spiders in captivity. We aimed to apply to this animal the same methodology used in the past to obtain variables of gait dynamics on bipeds [e.g. humans (Minetti et al., 1993) ] and quadrupeds [horses (Minetti et al., 1999) ]. The main goals of the present study were to: (1) identify the principal gaits; (2) calculate the mechanical external and internal work at the different speeds and/or gaits; (3) assess any tendency to exchange potential and kinetic energy of the body centre of mass, as in pendulum-like gaits; and 4) evaluate how spiders' mechanical performance and variables allometrically compare with other species. Going back to the simplification approach mentioned above, another question was: can the octopedal gaits be considered as different combinations of the locomotion of two quadrupeds.
MATERIALS AND METHODS Animals
All measurements were made in adult female specimens of Grammostola mollicoma (Ausserer 1875) (Araneae, Theraphosidae) (N3, mass18.5±3.7g, mean ± s.d.). The species were identified using criteria from the literature (Costa and Pérez-Miles, 2002; Mello-Leitao, 1923) . Spiders were collected in the Sierra de Minas region (Department of Lavalleja, Uruguay), and were held in captivity with constant and optimum environmental conditions throughout the experimental period.
Experimental procedure
The position of the body centre of mass (COM) in the static posture, where the main body marker should have been placed, was independently determined in killed specimens (same species, similar sizes). COM coordinates were determined by suspending the legless spider body (cephalothorax) on a nylon fibre glued to the thorax and moving the point of attachment until the spider assumed a horizontal position. An additional eight markers were placed at the tips of the locomotive legs (Fig.1) . The experimental conditions used in this study were similar to those recently used to analyse locomotion in large mammals (Hutchinson et al., 2006; Wickler et al., 2002; Wickler et al., 2003) , with the spiders filmed during free displacements.
Five fixed video cameras (JVC GR-DVL 9800, Yokohama, Japan) were simultaneously used. The recordings were made within a space of 60ϫ30ϫ15cm, calibrated by using 20 markers evenly distributed in three dimensions (3-D). The frequency used for video recordings (50framess -1 ) has been previously determined as suitable for this type of analysis (Ward and Humphreys, 1981b) . The camera synchronisation was performed with a sound signal and all images were digitised. Each of these frames was later used to reconstruct the position of each marker. Orthogonal axes were defined by following the recommendations of the Biomechanics International Society (Wu and Cavanagh, 1995) : the direction of the X-axis agreed with the main displacement direction, the direction of the Y-axis agreed with the height with respect to the ground, and the direction of the Z-axis was determined by the right-hand rule (Meneghesso, 2002; Wu and Cavanagh, 1995) . The measurement error in the system was assessed according to Barros et al. (Barros et al., 2006) .
Data analysis
Only locomotor acts performed in a straight line were chosen. The frame-by-frame analysis was conducted using an image analysis program (Dvideow 6.3, Campinas University) (Barros et al., 1999; Figueroa, 1998; Figueroa et al., 2003) . A series of programs written in LabView (ver. 8.6/MacOS, National Instruments, Austin, TX, USA) was built to manage and process the kinematics and/or kinetics data of the legs and of the true COM (tCOM). Virtual markers corresponding to the coxa joint, i.e. the point of insertion of each leg on the thorax of the spider, were calculated according to mean angles of leg origin from the body on the coronal plane as obtained from the analysis of 'static' film frames and photographs, and by assuming that the sagittal plane of the body moves parallel to the progression axis.
Further, we had to consider the movement of the legs in term of segments and joints. Each spider leg is formed by seven segments: the coxa and the trochanter, which are very short and represent a kind of 'shoulder/hip' joint; a long femur and a knee-like patella; and a long and thin tibia and a metatarsus, followed by a distal tarsus (Foelix, 1996) . In order to manage such a complex structure and after inspection of locomotion footage of the spider, we decided to reduce the animal leg to just two segments connected by a 'knee' joint between the coxa and the leg tip. Thus, we first clustered the seven segments into a femur, a tibia and a metatarsus (15.5, 15.2 and 12.0mm, respectively) . Then, we decided to build four models, considering the 3-D shape of the leg either as a cone or a frustum of a cone (with diameters ranging from 6.4mm at the coxa to 4.0mm at the metatarsus) and the position of the knee either midpoint between the leg extremes (equal-segment model) or at the end of the femur segment, corresponding to the femur-patella joint (patellajoint model). The positions of the virtual 'knee' marker were computed for each model and added to the data set (see supplementary material Movie1).
The 3-D positions of the COM of each leg segment (LCOM) and of the main body (BCOM) and the respective masses were used to compute the 3-D position of the tCOM.
The stride coordination was evaluated by means of the spatiotemporal sequence of support of the locomotive legs (gait diagram). The parameters were: (1) duty factor (d), defined as the ratio between the duration of a foot contact interval and the stride duration; (2) fore lag (FL), defined as the time lag between the two fore feet footfalls (right first), which measures temporal coordination within the fore pair; (3) hind lag (HL), defined as the time lag between the hind feet footfalls (right first), which measures temporal coordination within the hind pair; and (4) pair lag (PL), defined as C. M. Biancardi and others the time lag between hind and fore feet footfalls (fore feet first), which measures temporal coordination within the two pairs.
The time lag can be expressed as a percentage of the cycle duration. The gait can be defined for the values of FL, HL and PL according to the antero-posterior sequence method described by Abourachid (Abourachid, 2003) . According to Minetti (Minetti, 1998b) who considered the horse as two consecutive bipeds in series, we looked at the spider as composed by two successive quadrupeds in series, the first being L1-R1-L2-R2 and the second L3-R3-L4-R4 (where L and R indicate left and right, respectively, and the numbers start from the first pair of feet in anterior-posterior sequence), and we calculated the gait parameters for each quadruped. Further, a new parameter, QL, representing the phase shift between the two quadrupeds and defined as the time lag between two homologous feet of the quadrupeds (e.g. R1 and R3), was calculated.
Because of the periodical characteristics of a gait, where a sequence of footfalls is repeated in time, the gait pattern is summarised by phase shifts of footfalls that can be plotted as points on a trigonometric circumference. Their mean according to circular statistics takes into account their position on the circumferencee.g. two phase shifts, 1deg and 359deg, result in a value of 0deg rather than 180deg (the arithmetic linear mean).
Let q be the position on a trigonometric circumference for n observations; we can then define S(Ssinq)/n, C(Scosq)/n, and the circular meanqarctan(S/C) (Batschelet, 1981) , where S (ordinate) and C (abscissa) are the rectangular components of the circular mean. The mean resultant length, r√S
, is a measure of the dispersion of the data. However, because r decreases from 1 to 0 while the dispersion increases, an index of variability equivalent to the standard deviation in linear statistics is calculated as mean angular deviation: s√2(1-r) (Batschelet, 1981) . The circular mean and mean angular deviation, in radians, have been transformed as fraction of the stride cycle.
Biomechanical analysis
The 3-D trajectories of the body COM in local coordinates, as during locomotion on a treadmill, were calculated by applying a mathematical method based on the Fourier analysis of the three coordinates of tCOM over time (Minetti, 2009; Minetti et al., 2011) . The analysis is truncated to the sixth harmonic, because further harmonics addition did not enhance the descriptive power of the result (Perseval's theorem). The final outcome, for each analysed stride, is a system of three parametric equations with a total of 18 amplitude coefficients, 18 phase coefficients and a vertical translation constant, which describes a 3-D closed loop (Lissajous contour). The dynamics of tCOM movement is linked to the mechanical external work and is proven to reflect the metabolic energy needed in many locomotor conditions (Minetti et al., 1993) .
Values for the segment mass (as a fraction of body mass) were obtained from average measurements, while the radii of gyration were calculated by assuming a cone frustum or conical shape of segments, according to the mentioned models. Positive internal and external work (W int and W ext , respectively) were computed using the method of Cavagna and Kaneko (Cavagna and Kaneko, 1977) , who used König's theorem to account for the changes in the kinetic energy of segments whose movements do not affect the position of the overall COM (e.g. symmetrical limb displacement). This theorem states that the total kinetic energy of a multi-link system can be divided into two parts: (1) the increases in kinetic energy of the segments arising from their change of speed with respect to the overall COM, and (2) the increases in kinetic energy of the overall COM with respect to the environment. The first term constitutes the positive W int , whereas the second is included in the positive W ext , defined as the work necessary to raise and accelerate the COM of the body with respect to the environment.
The positive work (W ext ) was obtained by summing the increments of the total energy (E tot ) with respect to time: E tot E pot +E kin,x +E kin,y , where E pot is the potential energy of the COM of the body, and E kin,x and E kin,y are the horizontal and vertical components, respectively, of the kinetic energy of the body's COM. The total mechanical work (W tot ) was computed as the sum of W ext and W int . Mechanical work was expressed as the (mechanical) cost of transport, i.e. per kilogram of body mass and per unit distance (i.e. Jkg ). The peak mechanical power, due to sudden acceleration from rest, was estimated from the maximum acceleration recorded during the first strides of the faster filmed sequences. The 'energy recovery', an index of the ability of a system to save mechanical energy through the interchange between E pot and E kin (equal to 100% in an ideal pendulum), was obtained according to Cavagna et al. (Cavagna et al., 1976) .
All the data processing and statistics were performed on an Apple iMac computer, using LabView (ver. 8.6, National Instruments), Microsoft Excel (ver. 2008) and SPSS (ver. 17.0, IBM, Somers, NY, USA).
RESULTS
We analyzed a total of 54 strides, distributed in 13 different sequences of three to five strides each. The overall results are shown in Table1.
Speed, gaits and tCOM trajectory
During the experiments we observed 'slow' and 'fast' displacements. In order to assess the consistency of these two categories, we considered the following variables: speed, relative stride length, stride frequency, mechanical external work and energy recovery. A preliminary cluster analysis permitted us to identify two main groups with a cut-off speed that ranged from 8.7 to 14cms the clustering method. In order to choose a reliable boundary speed and define the slow and fast groups, a set of five multivariate analyses of variance (MANOVA) were performed. All the models were highly significant (P<0.001), but the Wilks' F-value and the partial eta-squared, an effect size estimator, reached a maximum for a cut-off speed of 11cms -1 (Fig.2) , which corresponds to a Froude number of 0.08.
For slow displacements, gait diagrams (Fig.3A,B) show a fourlegged alternation (R1, R3, L2, L4 to L1, L3, R2, R4). This pattern is summarised by two walking quadrupeds, with almost no phase delay between them. During fast movements, a similar alternation of tetrapods occurs, although with a more variable pattern (Fig.3C) .
The visual analysis of diagrams shows that two anterior pairs of legs (first quadruped) and two posteriors pairs (second quadruped) have the same pattern for slow displacements, whereas during faster gait the pattern is different for both groups of legs, the phase shift between legs of the third and fourth pairs of legs being more irregular. However, the values of the parameters FL, HL and PL (Table2), correspond to a quadruped walk for slow displacements and a variant walk sequence for fast displacements, as shown by the greater variability of values for the second quadruped. The second quadruped anticipated the first one with average shifts of 16% (slow) and 8% (fast).
Speed (s, ms The geometry described by the legs on the ground (support area) is plotted together with energies and gait diagrams in Fig.3A ,B,C. The time course of the support area seems quite irregular during the stride, although a quite distinctive pattern is shown particularly during the slow movement. The mean support area at all speeds was 56.3±4.1cm 2 . Three examples of Lissajous contours of the COM, at different speeds, are shown in Fig.5 (movies showing the dynamics of tCOM trajectory are available in the supplementary material Movies1 and 2). The spider's tCOM had small lateral oscillations while proceeding at slow speed (Fig.5A ) (approximately 0.5cm, when compared with roughly 8cm of support area diameter), with a more diagonal pattern at higher speeds (Fig.5B,C) .
Mechanical work
Despite the fivefold increase in speed, the external work per unit distance was almost constant with a tendency to increase as the spider proceeds faster (Fig.6) .
The sum of forward and lateral kinetic energy (E kin E kin,x +E kin,z ) changes was lower than the sum of vertical kinetic and potential energy (E pot E pot +E kin,y ) changes at slow speeds (E kin 0.022±0.016mJ; E pot 0.150±0.052mJ). At higher speeds, changes in E pot maintained almost the same values, while E kin changes reached and overlapped E pot (E kin 0.255±0.203mJ; E pot 0.183±0.123mJ). The energy recovery, an index of the exchange between E kin and E pot that occur when their time courses are out of phase, did not significantly change as the speed increased (t-test, P0.57; see also Table1 and Fig.3 ).
The sum of the leg's masses was approximately 13% of the total mass of the spider. The mechanical internal work (W int ), estimated for each leg model (see Materials and methods), ranged from 0.021 to 0.328Jkg
). Internal work values were significantly lower in the conical shape models than in the frustum shape models (paired t-test, P<0.001) , and in the asymmetrical patella-joint than in the equal-segments models (paired t-test, P0.004) . However, we observed a similar pattern of variation of W int as a function of speed (Fig.7) , independently from the adopted limb model.
According to Fedak et al. (Fedak et al., 1982) , who considered intraspecific and interspecific differences in species that ranged from 44g to almost 100kg in mass, W int should scale as:
where s is the mean progression speed (ms . In this case we obtained the largest separation of the two groups: both highest Wilks' Fvalue and highest estimator of effect size.
In our 18.5g spiders we observed an almost linear relationship between W int and speed (W int s 1.05 ), with measured values lower than predicted by Eqn 1 at slow speeds, and comparable values at higher speeds. However, both the slopes (P<0.001) and the intercepts (P0.002) of the regression lines significantly differed.
The mechanical internal work rate has been modeled for bipeds by Minetti and Saibene (Minetti and Saibene, 1992) , and then extended to quadrupeds (Minetti, 1998a) . The model links the internal work to: (1) the stride frequency (f, Hz); (2) the mean progression speed (s, as in Eqn 1); (3) a term related to duty factor (d); and (4) a compound dimensionless term accounting for limb geometry and fractional mass (q), which should be almost constant throughout all the speeds and gaits if the geometry of the oscillated limb remains the same. The value of q for the ). Time has been standardised in degrees (1stride360deg). Kinetic energy values are comparable to those of potential energy; a slight phase shift between potential and kinetic energy diagrams accounts for an average 12% of recovery. Duty factor55-57%.
investigated species can be estimated (Minetti, 1998a ) by the equation:
The actual and the mean values of q calculated for G. mollicoma from our experimental data are compared with the mean values for humans and horses in Fig.8 .
Maximum power
In our experimental design the spiders were filmed during free displacements starting from rest. In fast performances they showed a rapid acceleration and reached a high speed during the first stride of each sequence. We could therefore estimate the maximum positive power exerted by the spider during acceleration from rest, which was approximately 8.3Wkg -1 (Table3).
DISCUSSION

Gait pattern
The stride-based analysis shows contact sequences that were described in previous works (Bowerman, 1981; Wilson, 1967) , which observed that the anterior legs pairs have a strong tendency to be used alternately, but the posterior pairs do not. Our data concur with this view, but only in fast sequences (FL and HL, Table2). The four-legged alternation associated with those unilateral sequences in slow displacements can be interpreted as an alternating tetrapod stepping pattern, similar to the symmetrical trot gait of fourlegged vertebrates but with interfaces longer than the time of quadrupedal support. This is currently accepted as a general model of spider locomotion (Barth and Biedermann-Thorson, 2001; Ward and Humphreys, 1981a) , except for a group of functional exapod
( 2) harvestmen (Opiliones), their antenniform second pair of legs being used as tactile organs, which display an alternating tripod gait (Sensenig and Schultz, 2006) . Alternating tripod gait is a widespread interleg coordination pattern for insects walking at moderate to high speed, and is generally lacking during slow walking (Full and Tu, 1990; Hughes, 1952; Kukillaya and Holmes, 2007; Zollikofer, 1994) . Our results showed that an inverse situation could happen for this species of vagrant spider, as the general model of tetrapod alternation is not observed in fast displacements.
We can consider the octopod as formed by two subsequent quadrupeds, where the first two pairs of feet (1 and 2) are the fore and the hind feet of the first quadruped, and the third and fourth pairs are the fore and hind feet of the second quadruped. The two quadrupeds are almost in phase, being the first and third pairs synchronised in their movements as well as the second and fourth (QL, Table2).
The gait parameters of the first quadruped are more consistent with a kind of diagonal walk (i.e. a trot with no flight phase). The diagonal feet are not moving in phase, as the hind foot of a pair slightly anticipates the contralateral forefoot (PL, Table2). This could be due to the unusual high trajectory of the first pair of feet, probably used also as helper 'probes' to detect obstacles. Their suspended 'swing' phase is longer than any other phase and the second pair of footfalls appear to be anticipated.
The second quadruped shows a similar symmetrical stepping pattern with a duty factor of approximately 60% (PL, Table2), with a tendency towards symmetry at high speeds, probably due to the rhythmic 'pushing' role of the fourth pair of legs.
During fast displacements spiders did not maintain a constant speed. An explosive acceleration usually characterise the first stride, with the speed constantly decreasing thereafter. The stepping pattern observed during these sprints was very variable and irregular. The third pair of feet (the forefeet of the second quadruped) was prone to move in phase during the acceleration of the first stride, probably to boost the propulsion (FL second quadruped, fast, Table2).
Studies of gait pattern in insects have suggested that regularities in the support area are strongly influenced by CPGs under the influence of sensor input (Cruse and Muller, 1986; Delcomyn, 1985) . Because sensory feedback seems to be essential for leg coordination C. M. Biancardi and others during slow walking (Cruse and Muller, 1986; Delcomyn, 1985) , the control operated by the action of the CPGs become increasingly important with speed (Delcomyn, 1991) . In a study made with different ant species it was proposed that the rigidity of their threelegged gait pattern, regardless of changes in speed, could reveal that CPGs were prevailing over sensory input (Zollikofer, 1994) . Following this argument, the results of spatiotemporal coordination in the legs of G. mollicoma during both regimes of displacement could indicate that in this species there is no rigid neural control by CPGs. However, it may also indicate that locomotion patterns in spiders could be more complex and should be interpreted by means of other variables. In this respect, the present data clearly show a pattern in the time course of the support area and in stability during slow locomotion, but not during faster gaits. This suggests a rigid neural control by CPGs during slow displacements to keep stability, but not at higher speed.
Speed and gaits
A gait transition can be determined by mechanical and energetic factors (Griffin et al., 2004) , and can be recognised by an abrupt change in the speed dependency of at least one mechanical or metabolic variable (Alexander, 1989) . In G. mollicoma, several variables showed significantly different speed-dependency behaviour between slow and fast gaits: stride frequency (P<0.001), duty factor (P0.003), internal work (P<0.001) and external work (P0.011). The stride frequency increased linearly with speed in both gaits, which is typical for walk and run/trot (Heglund et al., 1974) . The maximum stride frequency (4.55Hz) and the maximum speed (0.275ms -1 ) recorded during our experiments are well below the predicted trot-gallop transition values for animals of the same mass (Heglund et al., 1974) , which should occur at 0.586ms -1 . This comes with no surprise as slow and fast spider gaits are both similar to walking (d>0.5; Table2).
Octopod locomotion in spiders appears to be completely different from the functional octopod sideways locomotion of crabs (Full, 1987; Weinstein, 1995) , where the right and left legs act as leading or trailing ones, depending on the movement direction. Crabs show a walking gait with an inverted pendulum energy-conserving mechanism similar to the quadrupedal and bipedal walking (Cavagna et al., 1976 ; (Fedak et al., 1982) . Margaria, 1976) , a slow run and a fast run with an aerial phase similar to a gallop (Blickhan and Full, 1987; . The inverted pendulum model (Margaria, 1976) applies to animals moving forward while vaulting over stiffened legs. Changes in potential and forward kinetic energy through time occur out of phase, with a consequently high value of energy recovery (Cavagna et al., 1976) . Such behaviour has been observed in walking bipeds (Cavagna and Margaria, 1966) , quadrupeds Minetti et al., 1999) and the mentioned crabs (Blickhan and Full, 1987; , but it has never been observed in other arthropods (Sensenig and Schultz, 2006) .
During running gaits the potential and forward kinetic energy change in phase during the stride; therefore, neither exchange nor recovery occurs. The bouncing ball model (Margaria, 1976) is consistent with vertebrate run/trot (Farley et al., 1993) , insect locomotion (Full and Tu, 1990) and functional exapodal spider locomotion (Sensenig and Schultz, 2006) . Running insects can reach considerably high speeds. The American cockroach Periplaneta americana can run up to 1.5ms -1 switching from exapodal to quadrupedal and bipedal running (Full and Tu, 1991) .
A third paradigm has been proposed to model the skipping gaits (Minetti, 1998b ). An analysis of human skipping and galloping in quadrupeds revealed that a combination of potential and forward kinetic pendulum-like exchange and elastic energy storage is responsible for the efficiency of this gait model (Saibene and Minetti, 2003) .
The symmetrical gaits by definition are those in which the lag time of the two feet of the pairs (FL and HL) is the same (50% of the cycle duration) (Abourachid, 2003; Hildebrand, 1966; Hildebrand, 1977) . Analysing our subject, G. mollicoma, as a combination of two quadrupeds (Minetti, 2000) , we observed that the gait parameters roughly represented symmetrical walking at low speed, while during fast locomotion we found a remarkable variability of such parameters and more asymmetric trajectories of the tCOM over a stride, although the duty factor remained above 0.5 and a flight phase was absent (Table2, Fig.5 ). The increase of asymmetry during faster gaits is consistent with the observation that asymmetrical gaits probably evolved, in amphibians and several times in reptiles, to benefit escape (Hildebrand, 1977) .
Duty factors greater than 0.5 classically define the kinematics of walking gaits (Alexander, 1989) . However, running gaits characterised by d>0.5 and stride frequency, which proportionally increases with the progression speed, have been also described for running frogs (Ahn et al., 2004) , for terrestrial locomotion in bats (Riskin et al., 2006) , and even in human race walking, where the flight phase is forbidden but the potential and kinetic energy curves of tCOM are in phase as during running.
In conclusion, the locomotion of these spiders, analysed using stride-based analysis, shows significant differences from other arthropods, such as insects. Changes in stability during each support situation show an important difference with other animals, and are in agreement with a backward-forward activation sequence.
Mechanical work and efficiency
We did not find significant differences between the W ext estimated by using a single marker approximating BCOM and that based on the true COM position (nine measured + 16 virtual markers) for the complete strides (paired t-test, P0.098). (Minetti, 1998a) . The vertical dotted line represents the cut-off speed between slow and fast displacements.
Spiders as a group have lower resting metabolic rates than other poikilothermic animals (Anderson, 1970; Greenstone and Bennett, 1980) . However, there are only few available data about the metabolic cost of transport in tarantula spiders of the family Theraphosidae (Herreid and Full, 1980) . As pointed out by Herreid (Herreid, 1981) in his review, the minimum cost of transport (C min ) in spiders is subject to underestimation, due to the long recovery time after every performance, which is a characteristic of these animals (Herreid, 1981) . The adjusted C min for a 12.7g Theraphosidae spider was 20.0Jkg
. The mean mass-specific mechanical energy used to move the COM a given distance (Fig.6) was 0.52Jkg
, approximately one-half the almost constant value detected in other arthropods, mammals and birds (see Fig.9 for references) .
The mechanical work expressed per kilogram of mass and per metre is almost constant in all the animals, independently of the body mass. A potential reason for the deviation from such a rule detected in spiders could be their particular femoropatellar (knee) extensor mechanism. In fact, spiders, like many arachnids, lack extensor muscles at the femoropatellar joints, and extend them using hydraulic pressure generated by the contraction of endosternal suspensor muscles (Shultz, 1991) .
This work is the first attempt to calculate the internal mechanical work in spiders. Octopods have a multiple of eight segments moving with respect to the COM. We would therefore expect a high fraction of the total work accounted for as internal work. In fact, even if the arthropod legs are considerably lighter compared with vertebrate limbs (i.e. the fractional mass of the legs with respect to the body mass is lower in spiders than in vertebrates in spite of the higher number of segments), the calculated value of q (Minetti, 1998a) , reflecting the inertial arrangement in leg dynamics, is higher in spiders than in humans and horses, particularly at slow speeds (Fig.8) .
According to that model (Minetti, 1998a; Minetti and Saibene, 1992) , the internal work increases proportionally to the progression speed and the stride frequency. Our results are consistent with this prediction but suggest a difference between invertebrates and vertebrates, or between octopods and quadrupeds. The equation proposed by Fedak et al. (Fedak et al., 1982) was based on vertebrates between 0.044 and 98kg. The spiders considered in the present work are out of this range, and the calculated internal work shows a linear proportionality to speed.
The q term depends on inertial characteristics of moving segments. Arthropod and tetrapod limbs are, from an evolutionary point of view, analogous and in many ways convergent structures, but their geometric and physical parameters can be very different. These peculiarities could account for a different relationship between the internal work and the progression speed, and for a different mean q parameter in arthropods. More data on octopods and invertebrates mechanical internal work could shed light on this issue.
The different behaviour of q (higher during slow than in fast displacements; Fig.8 ), could also be explained by different limb geometry and moving patterns. The slow and high 'exploratory' trajectory of the first pair of feet, which is expressed during walking in the range of slow speed, has already been stressed. During fast movements this behaviour is lost in order to increase the stride frequency and speed. Another potential explanation for higher q values at slow speed could be a wider base of support, which our data tend to exclude.
The estimated efficiency of locomotion in G. mollicoma, obtained by summing W int and W ext and dividing the result (W tot ) by the estimated C min , ranged between 2.6 and 3.8%, a value comparable to the estimated efficiency in animals of the same mass.
Conclusions
Spider locomotion, here studied in the G. mollicoma, exhibits two main gaits, neither of which incorporate a flight phase, characterised by a consistent limb pattern and a small but remarkable energy recovery index. Both the mechanical internal and external work, never investigated previously, were found to be lower than the allometric predictions. By considering the total work done, the estimated efficiency of locomotion was no greater than 4%.
Further studies estimating the mechanical work through direct dynamics of a greater number of specimens and at higher speeds, if available, could refine the present observations, although the very low mass of these spiders makes the ground reaction force measurement problematic. Also, new metabolic studies on steadystate locomotion in spiders are necessary to detect the presence of optimal speeds within the two identified gaits. The upper line shows the allometric regression of the net metabolic cost, the middle line the almost constant mechanical cost (W ext , ignoring fluctuations of internal kinetic energy, and energy saving by elastic mechanisms) and the lower line the internal work (W int ) according to predicted values (Fedak et al., 1982 [Full (Full, 1989) and Full and Tu (Full and Tu, 1991) and references therein] (Lighton and Gillespie, 1989; Steudel, 1990; Secor et al., 1992; Lighton et al., 1993; Minetti et al., 1999; Baudinette et al., 2000; Saibene and Minetti, 2003; Lipp et al., 2005; Schmitz, 2005a; Zani and Kram, 2008) .
